In this work, using a new combination of temporally and spatially resolved spectroscopic techniques, we are able to probe directly the dynamics of motion of a non-equilibrium, coherent polariton quantum fluid, by tracking its space-time evolution.
Below a critical temperature, a sufficiently high density of bosons undergoes Bose-Einstein condensation (BEC). Under this condition, the particles collapse into a macroscopic condensate with a common phase, showing collective quantum behaviour like superfluidity, quantised vortices, interferences, etc. Up to recently, BEC was only observed for diluted atomic gases at K temperatures. Following the recent observations of non-equilibrium BEC in semiconductor microcavities at temperatures of ~10 K, using momentum-1 and real-space 2 trapping, the quest is now towards the observation of the superfluid motion of a polariton BEC. For the same reasons that polaritons benefit from unusually favourable features for condensation, such as very high critical temperatures, it is expected that their superfluid properties would likewise manifest with altogether different magnitudes, such as very high critical velocities. Since they have shown many deviations in their Bose-condensed phase from the cold atoms paradigm, it is not clear a priori to which extent their superfluid properties would coincide or depart from those observed with atoms, among which quantised vortices 6 , frictionless motion 7 , linear dispersion for the elementary excitations 8 , or more recently Čerenkov emission of a condensate flowing at supersonic velocities 9 , are among the clearest signatures of quantum fluid propagation.
Microcavity polaritons are two-dimensional bosons of mixed electronic and photonic nature, formed by the strong coupling of excitons-confined in semiconductor quantum wells-with photons trapped in a micron scale resonant cavity. First observed in 1992 10 , these particles have been profusely studied in the last fifteen years due to their unique features. Thanks to their photon fraction, polaritons can easily be excited by an external laser source and detected by light emission in the direction perpendicular to the cavity plane. However, as opposed to photons, they experience strong interparticle interactions owing to their partially electronic fraction. Due to the deep polariton dispersion, the effective mass of these particles is 10 4 -10 5 smaller than the free electron mass, resulting in a very low density of states. This allows for a high state 3 occupancy even at relatively low excitation intensities. However, polaritons live only a few 10 -12 s in a cavity before escaping and therefore thermal equilibrium is never achieved. In this respect, a macroscopically degenerate state of polaritons departs strongly from an atomic Bose-condensed phase. The experimental observations of spectral and momentum narrowing, spatial coherence and long range order-which have been used as evidence for polariton Bose-Einstein condensation-are also present in a pure photonic laser 11 . The recent observation of long range spatial coherence 12 , vortices 4 and the loss of coherence with increasing density in the condensed phase 13, 14 , are in accordance with macroscopic phenomena proper of interacting, coherent bosons 15 . But a direct manifestation of superfluidity is still missing.
In this work, using a new combination of temporally and spatially resolved spectroscopic techniques, we are able to probe directly the dynamics of motion of a non-equilibrium, coherent polariton quantum fluid, by tracking its space-time evolution.
We report a shape preserving, non-diffusive propagation of matter dressed by the light field moving at a speed of the order of 10 6 m s -1 . Studying the collision against obstacles of different sizes, we investigate the analogies of this state of matter with conventional BEC such as those realised with atomic gases, whose dynamics are known to display striking properties like superfluidity. We show that the study and manipulation of the condensate properties can thus be achieved in semiconductor chips of micrometer scale.
To make polaritons flow, we have to address three important issues: 1) the very short polariton dwell time in the cavity (< 2-5 ps), which hinders detection of their dynamics; 2) creation of polaritons with well-defined momentum; 3) spatial inhomogeneities given by sample strain and/or defects. Our experiments are based on the continuous replenishing of the polariton fluid, at energy E S and momentum k S , from a higher-lying state, at E P and k P , driven coherently by an external CW laser and ignited by a short trigger pulse (2 ps) at the idler state, E I and k I , in a configuration of a triggered optical parametric oscillator (TOPO; see Fig. 1 and the Supplementary Information) 16 . The signal polaritons, fed by the pump in resonance with the lower polariton branch, last for more than 10 -9 s after the trigger pulse of 2 ps, thus allowing the detection of the polariton flow dynamics. This approach solves the first issue listed above: although the lifetime of a single particle of the polariton droplet remains short (few picoseconds), the packet itself lasts hundreds of picoseconds. To reduce the effect of the spatial inhomogeneities present in all semiconductor microcavities 17, 18 , we keep the pump power at sufficiently high intensity so that most of the potential fluctuations are smoothed out 19 . Nonetheless, scattering centres are still present with an approximate density of 10 -2 µm -2 but, as shown below, they can be beneficial to reveal the peculiar quantum nature of the polariton fluid.
Images of the near-and the far-field of a GaAs based microcavity 20 are projected on to the entrance slit of a 0.5 m imaging spectrometer attached to a streak camera, thus allowing for simultaneous collection of two dimensional images, at a given energy, and resolved in time. To avoid problems caused by detection at the pulsed laser energy, which would bleach the streak camera, the pulsed laser is resonant with the idler rather than the signal state of the triggered OPO. Furthermore, to retain only the light emission from the TOPO signal, the OPO-only emission coming from the pump field, contributing at k=0, is subtracted from all the images. We can thus study the propagation of the signal polaritons which can have any, specifically selected, in-plane momentum k-vector given by the phase matching conditions shown in the caption of The most striking feature, under TOPO conditions, is the clear linearization of the dispersion around the signal state. It is also seen that, for the TOPO, polaritons are blue shifted ( E = 0.6 meV at k=0), due to polariton-polariton interactions, and that the intensity peaks strongly at k S = +0.6 µm -1 , which is determined by the phase-matching
Our system involves macroscopically degenerate states of bosons coupled through exciton-exciton interactions and so can be accurately described theoretically by a nonlinear Schrödinger equation for the polariton wavefunction in the presence of a continuous pump F P and a pulse F I , shining on the microcavity at an angle k P,I , with frequency ω P,I and localised in a Gaussian spot of spatial extension σ P,I : where the operator D is the free-propagation energy of the particles, i.e., in our case, provides the dispersion relation specific to polariton branches. The lower branch gives rise to the OPO or TOPO physics of phased-matched scattering. The two last terms are responsible for maintaining the system out of equilibrium against the decay γ. This represents a crucial difference with the usual case of atomic condensates. Equation (1) is integrated numerically, first in the absence of the pulse (F I =0), until a steady state is reached for |ψ| 2 . We obtain the energy-k density plot of the system by Fouriertransforming ψ(x,t). At a given time t I , we release a Gaussian pulse (F I ≠0) that triggers OPO processes. We track the new evolution of ψ(x,t) until the steady state is restored, barrier at Mach numbers greater than one 9 . It is important to note that the visibility of these waves does not imply that the signal polaritons are also in the "Čerenkov" regime.
On the contrary, for the signal polaritons (which are at lower energy and wavevector), the group velocity is lower than v s (0.9×10 6 ms -1 , i. e. Mach < 1), and thus the signal polariton droplet can be expected and is observed to behave as a superfluid whose state is characterised by a macroscopic wavefunction with a well defined common phase; the droplet doesn't change its motion and maintains constant its wavevector while passing through the obstacle.
On this coherent propagation, as any scattered particle from the wave-packet will remain in phase with the others and at the same group velocity, precluding diffusion both in real and in reciprocal spaces. Note that this concerns the wave-packet itself, not only its excitations as is the case in the Landau picture of Helium superfluidity.
Our experimental TOPO configuration differs from the conventional realization of atomic Bose-Einstein condensates and superfluids formed spontaneously in thermal equilibrium without the action of any external driving field. In our case, due to the lossy character of polaritons, an external coherent source needs to drive the system. Furthermore, the fluid has a finite spatial extension and propagates as a whole, hence we are investigating the explicit kinematics of a droplet of BEC, rather than the indirect propagation of a defect inside an infinite size system. Also, thanks to the polariton light emission, we are able to probe continuously and in real time such features as the motion of the droplet and its dispersion that, as a manifestation of dominant interactions which strongly dress the states, is linearized when a signal exists and propagates. This dispersion is the nonlinear-response equivalent of the Bogoliubov dispersion for excitations of a superfluid. In the latter case, linearization leads to suppression of weak scattering and therefore to dissipationless motion. In our case, the dispersion reflects the dynamics of the whole system, rather than of its excitations only.
The propagation of the signal that keeps its shape unaltered over huge distances could evoke a soliton surfing on the steady state OPO, what includes correctly the notion of a non-perturbative excitation (triggered by the pulse). However, elements that are crucial for the stability of a soliton such as attractive rather than repulsive interactions, the dependence on the dimensionality of the system or on the particle densities, are not present in our case, and a plethora of different shapes, width and heights of the wavepackets can also be sustained on the same dispersion. Therefore, interactions serve the main purpose of replenishing the signal rather than holding it together, thus the soliton description is not adequate. Instead, this system provides a coherent and macroscopic population of bosons isolated in energy on a linear dispersion. Both ingredients are essential to account for the experimental findings. The system exhibits the quantum dynamics of BEC. But also in this picture, many novelties arise from the specifics of polaritons. Up to now, theoretical analysis has only been made in the perturbative regime 24 with regarding to the elementary excitation of the polariton BEC. These works show that for dissipative systems under incoherent pumping, the Bogoliubov dispersion becomes diffusive and its characteristic linearitywhich is the key signature of superfluidity in the Landau picture-is lost. However, in the presence of a coherent source, like in our experiment, a truly linear mode is restored even with damping 3 , and superfluid behaviour is observed. Our findings call for further work, both experimental and theoretical, to reveal new properties of this unusual state of matter: a coherent, macroscopically-occupied Bose fluid, propagating at ultra high speeds.
In conclusion, we have experimentally observed and theoretically reproduced the motion of a polariton wavepacket travelling at ultrafast velocities in a semiconductor microcavity. Along with the record breaking speed achieved by these condensed droplets, their most striking characteristics are to be found in their dynamics, characteristic of a superfluid with an unperturbed motion while crossing a weak potential and undergoing coherent scattering against strong defects. This work demonstrates that microcavity polaritons are ideal candidates to study exotic quantum bosonic phenomena. Although, as shown by this work, the novel physics associated with a quantum fluid of polaritons presents both fundamental and subtle deviations from the atomic case, these might well prove to be assets in their future studies. For instance, in a dissipative system, the particle-number conservation is lifted and a well defined This configuration is called optical parametric amplifier (OPA) [3] , and is achieved in microcavities due to the particular shape of the polariton dispersion relations. In our experiment, the pump is a CW beam but the probe is a short (2 ps) pulse at the idler state, which only initializes the system, inducing a population at the S state. After the pulse has disappeared, the S state is left macroscopically occupied, and the final state stimulation of the pump polaritons to the signal polaritons carries on for hundreds of picoseconds even if the pulse is no longer present (see Fig. S1 ). This novel experimental configuration, only initialized by the pulse, corresponds to a triggered OPO (TOPO), where the final state stimulation of the pair scattering process is provided by the self-sustained occupancy of the S and I states and it is fuelled by the reservoir of polaritons in the P state (see Fig. 1 ). 
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